The N-acylsulfonamide moiety is a common motif incorporated in several recent developmental drugs such as AZD1283, a potent antagonist of the P2Y 12 receptor, 1 Simeprevir, a macrocyclic drug for the treatment and cure of hepatitis C virus, 2 Repertaxin, a function blocker of the CX-CR2 receptor, 3 and Selexipag, a member of a novel class of prostacyclin receptor agonists 4 (Figure 1 ).
Sulfonimidamides as the isosteric replacements for sulfonamides have received less attention from the scientific community than sulfonamides. From a synthetic chemistry perspective, acylsulfonimidamides have been used as a nitrene resource for the synthesis of sulfimides, sulfoximines, and aziridines. 5 Recently, sulfonimidamides have been proposed as bioisosteres of sulfonamides and carboxylic acids in medicinal chemistry. 6, 7 In particular, the sulfonimidamide moiety provides one more handle (on the imidic ni- SYNTHESIS0 0 3 9 -7 8 8 1 1 4 3 7 -2 1 0 X © Georg Thieme Verlag Stuttgart · New York 2016, 48, 1019-1028 paper Paper Syn thesis trogen atom) than its sulfonamide isostere; both the amidic and the imidic nitrogen atoms can be functionalized with the same or different functional groups (Figure 2 ). A stepby-step functionalization of both nitrogen atoms can potentially be applied in medicinal chemistry. The main synthetic contributions in the area of acylsulfonimidamides date back to the 1960s when Levchenko and Berzina developed preparative routes through the interaction of sulfonimidoyl chlorides with amines, 8 routes which are still used to date. Recently, Pemberton 7 and Bolm 9,10 and their co-workers have employed acyl groups as protecting groups in sulfonimidamide chemistry. Acylsulfonimidamides as final products were first synthesized through the N-functionalization of sulfonimidamides by Arvidsson and co-workers via Pd-catalyzed carbonylation of Boc-protected primary sulfonimidamides with aryl halides using a twochamber system. 11 To date, there is no general method for the preparation of N-monoacylated sulfonimidamides by a direct acylation of primary sulfonimidamides.
Due to the feasibility of TBS-protection/deprotection chemistry, the sulfonimidamide compound 1, which was prepared using a one-pot procedure starting from easily available 4-tolylsulfonamide, 12 was initially employed in this work (Scheme 1). We kept the TBS group in the starting material to avoid N,N′-diacylation during the reaction course. Meanwhile, we also expected that TBS deprotection could occur in situ under the reaction conditions. Thus, four products may be formed when mixing 1 with acylating agents: 2, a byproduct through TBS cleavage from the starting material; 3, the expected product; 4, the unwanted N,N′-diacylated byproduct; and 5, the TBS-protected product. It is noteworthy that synthesis of the enantiopure Sform of 3 was reported by Bolm and co-workers via a straightforward approach: 1) formation and epimerization of the menthyl ester of 4-toluenesulfinic acid sodium salt, 2) chiral ester to amide transformation, 3) protection of the chiral sulfonamide, 4) oxidative chlorination using tert-butyl hypochlorite, and 5) subsequent amination of the chiral sulfonimidoyl chloride. 9 In this work, having 1 at hand, we aimed for its direct N-monoacylation with various acylating agents, which were prepared in situ from carboxylic acids or carbonyl chlorides.
As we have previously reported, 12 treating 1 under acidic conditions leads to the formation of 2, the TBS-deprotected product. The diacylated compound 4 is also undesired, but is always formed when common amide coupling agents, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), are employed. We looked for an ideal condition which not only provides high conversion of 1 into 3 exclusively, but also suppresses the formation of 4. We report here the test results of N-monoacylation via nucleophilic substitution of 1 with various acylating agents at a 0.05mmol scale using acetonitrile as the solvent, and finally the synthesis of 17 N-monoacylated sulfonimidamides, scaled up to 1.0 mmol, in moderate to excellent overall yields under mild conditions. According to the hypothesis by Malacria and co-workers, the sulfonimidoylamide tautomer of 3 is assumed to undergo the tautomerization equilibrium as shown in Scheme 1 to give 3, the more stable isomer. 5 Most recently, Arvidsson and co-workers have applied initial density functional theory calculations on a similar tautomeric equilibrium, and have claimed that the tautomeric form in which the S=N bond is conjugated to the carbonyl group, i.e. 3, should be more stable than its sulfonimidoylamide tautom- 13 The structures of other monoacylated products in this paper are drawn in a similar way as 3, by analogy.
Initially, the direct condensation of benzoic acid with 1 in the presence of EDC and DMAP, common coupling conditions for the synthesis of N-acylsulfonamides, was conducted for the synthesis of 3. The area percentage of each LCMS peak is reported without adjustment. According to the LCMS results, the polarity is in the order 2 > 3 > 4 > 5 > 1 ( Table 1) . Under these coupling conditions, none of the test reactions (Table 1 ) gave the monoacylated product 3, regardless of the reaction time or the amount of base (DMAP) used. Surprisingly, acylation under habitual conditions, such as using an excess of 1, did not give the monoacylated product 3 at all (Table 1, entries 7 and 8). Instead, the unexpected N,N′-diacylated byproduct 4 was formed exclusively, besides 1 and 2. Similar to 3, the diacylated compound 4 has two tautomeric forms, 4A and 4B, which are actually identical ( Figure 3 ).
In order to obtain the N,N′-diacylated byproduct 4 for structural analysis purposes, a 0.5-mmol scale reaction was performed using 2 equivalents of benzoic acid and of EDC. Interestingly, NMR (CDCl 3 as solvent) analysis revealed that the NH proton in 4 was not visible in the 1 H NMR spectrum, and no carbonyl peak was visible in the 13 C NMR spectrum either ( Figure 4 ). We think that, due to fast proton exchange, the acidic proton moves between O and N. This tautomerization makes the acidic proton invisible in the 1 H NMR spectrum. Due to the symmetry of the two acyl groups, the tautomerization also makes the carbonyl peak invisible in the 13 C NMR spectrum. According to the calculations of Arvidsson and co-workers, 13 the lowest energy tautomer adopts a conjugated conformation. Taken all together, we assume that the tautomer 4A (or 4B, as they are identical), is the most stable isomer. In order to see the carbonyl carbon peak, a trace amount of TFA (2 μL) was added to the NMR sample, which resulted in the carbonyl peak being visible at 169.8 ppm as a singlet. It is believed that protonated 4A/4B is the stable resonance hybrid when the sample is treated with TFA, which makes the carbonyl peak visible. In this paper, we will continue to depict 4 as the diacylated structure, although 4A is assumed to be the real structure.
It is well known that the formation of diacylated byproducts is the most important restriction when a base such as pyridine or DMAP is employed in the synthesis of acylsulfonamides. To avoid the formation of N,N-diacylated sulfonamide byproducts, an acid-catalyzed reaction of carboxylic acid anhydrides or esters with amines is often applied. [14] [15] [16] [17] As noted, we thought that the TBS-deprotected compound 2 could be diacylated to afford the undesired compound 4; therefore, the TBS-protected compound 1 was used in this work. Considering the undesired lability of 1 under acidic conditions, we focused on finding other acylating systems, using either benzoic acid or benzoyl chloride under basic conditions (Scheme 2).
When benzoic acid was used, one equivalent of triethylamine was added before the addition of different activating agents to prepare the relevant acylating agents [18] [19] [20] [21] (Table 2 , entries 1, 3-5); when benzoyl chloride was used, the acylating agent was prepared by simply mixing the acyl chloride and one equivalent of pyridine 22 (Table 2 , entry 2). The acylation reactions were examined by LCMS after different reaction times, and the area percentage of each peak (2, 3, 4, 5, 1) determined. The results are summarized in Table 2 .
Carbonyldiimidazole was used as the activating agent for Table 2 , entry 1; for entry 2, a mixture of benzoyl chloride and pyridine was prepared before the addition of 1; for entries 3-5, dichlorotriphenylphosphorane, dimethylchlo- 
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roformiminium chloride (Vilsmeier reagent), and TBTU, respectively, were utilized as activating agents. Because our aim was to find an easy-to-make and efficient acylating agent, all acylating agents in Table 2 were prepared in situ and directly used for acylation chemistry without isolation. We were delighted to observe that 1-benzoylpyridin-1-ium chloride ( Table 2 , entry 2) showed the best conversion of 1 into 3, with a long reaction time (24 h) only showing a slightly better conversion (63%). Additionally, compared with all other acylating reagents, this reagent can be easily prepared by just mixing benzoyl chloride with pyridine, and a stock solution of the mixture in acetonitrile is stable for at least 40 days with storage at room temperature.
However, while good conversion was observed when pyridine was used, the undesired N,N′-diacylated byproduct 4 was also formed (Table 2, entry 2). In 2002, Osajda and Mlochowski studied the reaction of benzoyl chloride with pyrazine or pyridazine, a pyridine-like heterocyclic base. 23 We were curious to see if other pyridine-like replacements could improve our conversion, and ideally suppress the formation of the N,N′-diacylated byproduct 4. Therefore, acylating agents were prepared by mixing benzoyl chloride with 1 equivalent of different bases in acetonitrile. Pyrazine and pyridazine, which were used by Osajda and Mlochowski, 23 together with other aliphatic tertiary amines, were used with benzoyl chloride to form quaternary ammonium salts ( Table 3 ). The other conditions, such as concentration and 
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temperature, are identical to those used for Table 2 , entry 2. The area percentage of each LCMS product/byproduct peak is shown in Table 3 at different reaction times; pyridine was used as a reference in this screening (entry 1).
Gratifyingly, the LCMS spectrum of entry 3 (Table 3 ) showed that 3 was formed exclusively in 4 hours with 100% conversion. The TBS group in 1 is readily deprotected during the reaction course, presumably due to the acidity of the pyridazine hydrochloride salt, which is formed from the acylation chemistry. The acylating agent used for Table 3 , entry 2 was also better than that used for entry 1, but the reaction was slower; in general, 3 was the predominant product and byproduct 5 was negligible for entries 1-3. For entries 4 and 5 ( Table 3 ) the complex did not form the expected product 3, but mainly the TBS-deprotected byproduct 2 and the diacylated 4. Ultimately, we replaced pyridine by pyridazine as the base to form different acylating agents with different acyl chlorides. It is noteworthy that when this replacement was made, the acylating mixture (Table 3 , entry 3) turned a brown color after 10 h. Practically, on a large scale (1 mmol), a mixture of the fresh acylating agent was prepared by mixing acyl chloride and pyridazine in a 1:1 ratio in acetonitrile, then stirred for 1 minute before a stock solution of 1 in acetonitrile was added; then, the reaction mixture was stirred at room temperature for 4 hours until LCMS indicated full conversion (Scheme 3).
In most cases, the synthetic protocol worked well for both aromatic and aliphatic acyl chlorides. It also tolerated heteroaromatic acyl chlorides. Functional groups such as esters are also compatible with the reaction conditions. When 4-(dimethylamino)benzoyl chloride was used, both 9 and the diacylated byproduct 10 were isolated, although the latter was in a notably low yield. When pyridinoyl chloride hydrochlorides were used, 2 equivalents of pyridazine were used. The meta-and para-pyridyl products 13 and 15 were isolated in moderate yields; however, the synthesis of the ortho analogue 14 using this protocol was not successful. The isolated yield of 14 was remarkably low (10%); LCMS analysis of the reaction mixture showed many unknown impurities and 46% unreacted starting material. In other cases, monoacylated products were isolated in moderate or high overall yields.
Acylsulfonimidamides such as 3 can be further modified (see Figure 2 , b). For example, Malacria and co-workers have reported the synthesis of N-acyl-N′-arylsulfonimidamides, via the copper-catalyzed N-arylation of primary sulfonimidamide 3, in which both N atoms in the sulfonim- 
idamide structure were functionalized. 24 Besides arylation, the structural features of 3 allow other N-functionalization such as alkylation and acylation. As previously mentioned, when benzoic acid was used as the acylating source, and EDC as the coupling agent, N,N′-diacylation was exclusively achieved (through N-acylation + N′-acylation). Having 3 at hand, we used butanoyl chloride as the second acylating source and triethylamine as the base. The reaction, which was monitored by LCMS, went to completeness in 40 minutes in high isolated yield (Scheme 4). We believe that this step-by-step functionalization is more useful as it can introduce different variations on the two nitrogens, which can potentially be applied in medicinal chemistry. In summary, an unprecedented method for the Nmonoacylation of primary sulfonimidamides has been developed using a 1:1 premixed mixture of an acyl chloride Scheme 3 Monoacylation of 1 with acylating agents. a Isolated yield in all cases. b Byproduct 10 isolated along with 9. c Pyridazine (2 mmol) was used because the acyl chlorides were used as the HCl salts. 
and pyridazine as the acylating agent and one equivalent of sulfonimidamide; the reaction proceeds under mild conditions in moderate to excellent yields. In contrast, the N,N′diacylated byproduct 4 is exclusively formed when EDC is used as the coupling agent. A step-by-step acylation with two different acylating agents also illustrates this chemistry's potential by equipping an extra handle. Additionally, different substituents on the two nitrogen atoms creates chirality on the sulfur atom, which is also useful from a medicinal chemistry perspective. We consider that this direct monoacylation of sulfonimidamides will be valuable to provide further N-functionalized derivatives in medicinal chemistry or as ligands or auxiliaries in organometallic catalysis.
All reactions were carried out under an inert atmosphere with dried solvents under anhydrous conditions unless otherwise stated. Commercially available reagents including the Vilsmeier reagent were used without further purification. Melting points were measured on a Büchi 510 apparatus, without correction. 1 H and 13 C NMR spectra were recorded on a Bruker Avance II spectrometer at 25 °C, using CDCl 3 , CD 3 OD, or DMSO-d 6 as the solvent. Data for 1 H NMR spectra are reported as follows: chemical shift (δ, ppm), multiplicity, coupling constants (Hz), integration. Chemical shifts are reported relative to the residual undeuterated solvent signals. High-resolution mass spectrometry was performed by the Structure Analysis & Separation Science Group, AstraZeneca R&D Mölndal.
(Z)-N-[N-Benzoyl-S-(4-methylphenyl)sulfonimidoyl]benzimidic Acid (4A)
A mixture of benzoic acid stock solution in MeCN (0.28 M; 1.79 mL, 0.5 mmol), EDC/DMAP stock solution in MeCN [3.60 mL; EDC (0.5 mmol), DMAP (0.25 mmol)], and DMAP stock solution in MeCN (2.7 mL, 0.75 mmol) was stirred at r.t. for 10 min. To the mixture was added a stock solution of 1 in MeCN (5.97 mL, 0.5 mmol). The reaction mixture was stirred at r.t. for 18 h. The LCMS peak area percentages of the diacylated product 4 and the starting material 1 were 25% and 12%, respectively. To the mixture was then added a premixture of benzoic acid stock solution in MeCN (1.79 mL, 0.5 mmol) and EDC/DMAP stock solution [3.60 mL; EDC (0.5 mmol), DMAP (0.25 mmol)]. In total, 1 (0.5 mmol), benzoic acid (1.0 mmol), EDC (1.0 mmol), and DMAP (1.25 mmol) were mixed in the reaction. After addition, the reaction was monitored by LCMS. The reaction mixture was stirred at r.t. for another 18 h until no more improvement (LCMS); however, there was still approx. 30% of unreacted starting material. The mixture was concentrated to dryness. 
Monoacylation; General Procedure
To a solution of acyl chloride (1 mmol) in MeCN (4 mL) was added 0.5 M pyridazine solution in MeCN (2 mL). The mixture was stirred at r.t. for 1 min. To the mixture was added a 0.25 M stock solution of 1 in MeCN (4 mL) in one portion. The resulting mixture was stirred at r.t. for 4 h until LCMS showed full conversion. After concentration, the product was purified either on a Biotage KP-Sil column (50 g) using a gradient of 10-80% EtOAc in heptane over 16 column volumes (CV) as mobile phase, or by preparative HPLC on an XBridge C18 column (10 μm, 250 × 50 mm ID) using a gradient of 0-50% MeCN in H 2 O/MeCN/NH 3 95:5:0.2 buffer over 30 min with a flow rate of 100 mL/min. All products were collected using the wavelength 240 nm.
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]benzamide (3) 9,24
Yield: 262 mg (96%); white solid; mp 137-139 °C (Lit. 24 
Methyl 2-{[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]carba-moyl}benzoate (7)
Yield: 173 mg (52%); yellow oil. 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]-4-chlorobenzamide (8)
Yield: 289 mg (94%); white solid; mp 148-149 °C. N-[Amino(4-methylphenyl) 
4-(Dimethylamino)-N-[{[4-(dimethylamino)benzoyl]amino}(4methylphenyl)oxido-λ 6 -sulfanylidene]benzamide (10)
Byproduct 10 was isolated when 9 was prepared according to the general monoacylation procedure. 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]-4-methoxybenzamide (11)
Yield: 107 mg (35%); white solid; mp 145-146 °C. 1 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]-3-chloro-4methoxybenzamide (12)
Yield: 121 mg (36%); white solid; mp 135-136 °C. 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]pyridine-3carboxamide (13)
Yield: 125 mg (45%); white solid; mp 138-139 °C. 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]pyridine-2carboxamide (14)
To a mixture of picolinic acid (123 mg, 1 mmol) and DMF (10 μL) in MeCN (6 mL) was dropwise added a solution of oxalyl chloride (381 mg, 3 mmol) in MeCN (10 mL) within 3 min at 0 °C. The mixture was warmed from 0 °C to r.t. over 4 h, and then was stirred at r.t. for 20 h. The mixture was concentrated in vacuo to give a black solid. To the solid was added MeCN (3 mL) and toluene (3 mL). The mixture was concentrated again in vacuo to give a black solid. The yield for the conversion was assumed to be 100%. Without further purification, the fresh crude was used for the synthesis of compound 14 using the general monoacylation procedure, but with 2 equivalents of pyridazine. The final product was purified by preparative HPLC on a Kromasil C8 column ( 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]pyridine-4carboxamide (15)
Yield: 154 mg (56%); off-white solid; mp 162-165 °C. 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]-5-methyl-1,2oxazole-3-carboxamide (16)
Yield: 209 mg (75%); orange solid; mp 110-111 °C. 
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Ethyl 3-[2-(4-Methylphenyl)-2-oxido-2λ 6 -diazathi-1-en-1-yl]-3oxopropanoate (17)
Yield: 100 mg (35%); yellow oil. 1 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]butanamide (19)
Yield: 190 mg (79%); white solid; mp 89-90 °C. 1 
N-[Amino(4-methylphenyl)oxido-λ 6 -sulfanylidene]-2-(benzyloxy)acetamide (21)
Yield: 248 mg (78%); colorless oil. 
N-[(Butanoylamino)(4-methylphenyl)oxido-λ 6 -sulfanylidene]benzamide (23)
3 (102 mg, 0.37 mmol) and Et 3 N stock solution in MeCN (0.57 M; 1.076 mL, 0.61 mmol) were mixed in MeCN (2 mL) at r.t. To the mixture was added butyryl chloride stock solution in MeCN (0.38 M; 1.076 mL, 0.41 mmol) in one portion. The mixture was stirred at r.t. for 40 min. LCMS showed full conversion. To the mixture was added 26% aq NH 4 OH (0.1 mL) to consume the excess acyl chloride. The mixture was concentrated, and the resulting residue was dissolved in a mixture of DMSO (10 mL) and formic acid (0.2 mL). The compound was purified by preparative HPLC on a Kromasil C8 column (10 μm, 250 × 50 mm ID) using a gradient of 20-95% MeCN in H 2 O/MeCN/formic acid 95:5:0.2 buffer over 20 min with a flow rate of 100 mL/min and UV detection at 250 nm.
Yield: 119 mg (93%); white solid; mp 60-62 °C. 
